Abstract. Sirtuin 6 (SIRT6) is a member of the mammalian NAD + -dependent deacetylase sirtuin family that acts to maintain genomic stability and to repress genes. SIRT6 has recently been reported to be a tumor suppressor that controls cancer metabolism, although this effect of SIRT6 is still in dispute. Moreover, the role of SIRT6 in glioma is largely unknown. In the present study, we found that overexpression of SIRT6 using an adenovirus inhibited glioma cell growth and induced marked cell injury in two glioma cell lines (U87-MG and T98G). Fluorescent terminal deoxyribonucleotidyl transferase (TdT)-mediated biotin-16-dUTP nick-end labelling (TUNEL) assay showed that SIRT6 overexpression induced obvious apoptosis in the T98G glioma cells. Immunoblotting and immunofluorescent staining demonstrated that SIRT6 overexpression promoted the mitochondrial-to-nuclear translocation of apoptosis-inducing factor (AIF), a potent apoptosis inducer. Moreover, we found that SIRT6 overexpression largely reduced oxidative stress and suppressed the activation of the JAK2/STAT3 signaling pathway in glioma cells. Finally, we showed that SIRT6 mRNA and protein levels in human glioblastoma multiforme tissues were significantly lower than the levels in peritumor tissues. In summary, our data suggest that SIRT6 suppresses glioma cell growth via induction of apoptosis, inhibition of oxidative stress and inhibition of the activation of the JAK2/STAT3 signaling pathway. These results indicate that SIRT6 may be a promising therapeutic target for glioma treatment.
Introduction
Malignant glioma is a devastating neural neoplasm with no effective treatment. Glioblastoma multiforme (GBM) is one of the most common and aggressive malignant gliomas in adults and is associated with an extremely short survival time (<15 months) (1) . Recent findings suggest that radiotherapy plus concomitant and adjuvant chemotherapy suppress the proliferation and tumorigenicity of human glioma cells and represent the standard of care for newly diagnosed GBM patients (1) . However, GBM is difficult to cure due to the fact that the tumor cells cannot be completely removed surgically, and that metastatic GBM is rather resistant to radiotherapy and chemotherapy (1) . This predicament reflects the poor understanding of the exact molecular mechanisms involved in the onset and pathogenesis of GBM. An important aspect of the pathogenesis of GBM lies in the malignant transformation resulting from the accumulation of genetic alterations and abnormal intracellular signaling pathways and growth factors (2) (3) (4) (5) . Aberrant proliferation of glioma cells is mediated by the combination of growth factors, including vascular endothelial growth factor, brain-derived neurotrophic factor, platelet-derived growth factor, hepatocyte growth factor and transforming growth factor-β (TGF-β) (6, 7) . These factors trigger downstream cascades of growth signaling pathways such as mammalian target of rapamycin (mTOR) (8) , ERK1/2 (9), PI3K/AKT (10) and JAK2/STAT3 (11) . In addition, when GBM recurs, it shows progression to a higher histologic grade with metastasis, a more complex situation (2) . Thus, a further understanding of the mechanisms underlying the tumorigenesis of GBM is urgently needed.
The sirtuins are a conserved family of proteins possessing NAD-dependent deacetylase activity. Sirtuins are widely expressed in different tissues including the brain (12) , and there are seven members of the sirtuin family in mammals (SIRT1-SIRT7) (13, 14) . They are involved in promoting longevity, particularly longevity associated with calorie restriction (14) (15) (16) . In addition, they act as cellular sensors to detect intracellular energy availability and modulate diverse biological functions, including lipid transport, insulin secretion, inflammation, oxidant stress and exercise and hypoxia (15) (16) (17) (18) (19) (20) . Importantly, they participate in tumorigenic processes such as epithelial-mesenchymal transition (21) . Currently, activators of sirtuins have attracted much attention by eliciting multiple metabolic benefits that protect against diet-induced obesity, type 2 diabetes, and non-alcoholic fatty liver disease (14) . In addition, several sirtuins have been reported to have roles in the central nerve system (CNS), including neuroprotection (22) , neural differentiation (23) and neurogenesis (24) .
SIRT6 is a nuclear histone lysine deacetylase (25) . Similar to other sirtuins, SIRT6 participates in many intracellular events such as TNF-α secretion (26) and lipid transport (27) . Interestingly, SIRT6 promotes resistance to DNA damage and suppresses genomic instability. Knockout of SIRT6 results in abnormalities that include lymphopenia, fat loss, cyrtosis, metabolic defects and eventually premature death (28) . This DNA-repair activity of SIRT6 suggests its critical role in tumorigenesis. Indeed, Sebastian et al demonstrated that loss of SIRT6 leads to tumor formation, increased glycolysis and tumor growth (29) . Moreover, loss of SIRT6 induces epigenetic changes that are relevant to hepatocellular carcinoma development in patients (30) . These studies suggest that SIRT6 may be a tumor suppressor. However, there are conflicting results concerning this protein. High SIRT6 nuclear staining was found to be significantly associated with poorer overall survival in breast cancer (31) . TGF-β-mediated hepatocellular carcinoma tumorigenicity was reported to be promoted by SIRT6 via suppression of cellular senescence (32) . Thus, according to current information, SIRT6 actually participates in tumor biology, while the action of SIRT6 may be tumor type-dependent.
The role of SIRT6 in CNS tumors is still largely unknown. In the present study, we investigated the possible alteration of expression of SIRT6 in human GBM tissues. Moreover, we investigated whether SIRT6 can affect GBM cell growth and if so, to further study the underlying mechanisms.
Materials and methods
Reagents. Antibodies against phospho-JAK2, total-JAK2, phospho-STAT3 and total-STAT3 were purchased from Cell Signaling Biotechnology (Danvers, MA, USA). Antibodies against SIRT6, lamin A/C, apoptosis-inducing factor (AIF) and tubulin were purchased from Abcam (Cambridge, UK). Cell viability assay (MST-8) was purchased from Dojindo Molecular Technologies, Inc. (Kumamoto, Japan). Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) kit and LDH leakage assay were purchased from Promega (Madison, WI, USA). Nuclear and mitochondrial protein isolation kits were purchased from Pierce (Rockford, IL, USA). Commercial kits for reactive oxygen species (ROS), malondialdehyde (MDA) and CuZu/MnSOD activity were purchased from Beyotime Institute of Biotechnology (Jiangsu, China).
Glioma cell culture. Two human GBM cell lines (U87-MG and T98G) and one human normal glial cell line (HEB) used in the present study were purchased from the Cell Bank of the Institute of Biochemistry and Cell Biology, Shanghai Institutes for Biological Sciences. Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in an incubator with 95% O 2 and 5% CO 2 .
Cell viability assay. Cell viability was evaluated using a non-radioactive MST-8 assay as described previously (33) . U87-MG and T98G cells (5x10 3 ) were transfected with Ad-GFP or Ad-SIRT6 and then cultured. On the day of measurement, 10 µl of CCK-8 solution was added into the medium at 24, 48 and 72 h for 1 h at 37˚C. The absorbance at 450 nm was recorded by a microplate reader, and the relative cell viability was calculated. Experiments were performed in duplicate.
Adenovirus construction and transfection. The adenoviruses were generated with the RAPAd ® CMV Adenoviral Bicistronic Expression System (Cell Biolabs, San Diego, CA, USA). We cloned the mouse SIRT6 cDNA and inserted it into pacAd5 CMV-IRES vector and linearized the vector by PacI. The purified linearized DNAs were cotransfected into 293 cells using Lipofectamine™ assay (Invitrogen) (33) . The adenoviruses in the media and 293 cells were harvested 7 days post transfection. Three freeze/thaw cycles were applied to crush cells and release the viruses. The viruses were stored at -80˚C. For viral transfection, 20 µl of the virus was added into the culture medium (2 ml) for 6 h. An adenovirus expressing GFP (Ad-GFP) was used as a control. Cells were then transfected with Ad-GFP or Ad-SIRT6 for 6 h.
Lactate dehydrogenase (LDH) assay. Cell injury was determined using the CytoTox-ONE LDH leakage assay as described previously (22, 34) . In brief, the cell culture medium at different time points was transferred to a black fluorescence plate and incubated for 10 min with CytoTox-ONE reagent followed by stop solution. Fluorescence was measured at 560/590 nm.
TUNEL. Fluorescent TUNEL staining in glioma cells was conducted as previously described (35, 36) . At 4 days after transfection, the cells were incubated in TUNEL reaction solution for 2 h in the dark. The cells were then washed with phosphate-buffered saline (PBS) for three times. After washing, the cells were incubated with 4' ,6-diamidino-2-phenylindole (DAPI) counterstaining solution for 3 min. The stained cells were assessed under a fluorescence microscope (IX81, Olympus). Apoptotic cells (TUNEL-positive, green) were counted. At least 10 visual fields were counted to calculate the proportion of apoptosis.
Oxidant stress levels. ROS, lipid peroxidation and CuZu/Mn-SOD activity were measured to evaluate the intracellular oxidant stress levels 4 days after transfection. ROS levels were measured as previously described (37) . Lipid peroxidation and CuZu/MnSOD activity were evaluated using MDA content as previously described (37) .
Quantitative real-time PCR. Real-time PCR analysis was performed on OpticonDNA engine (MJ Research Inc.) as previously described (38) . TRIzol (Invitrogen) was used to extract total RNA from the human GBM tissues. The samples (100 ng) were amplified using primers. Amplification primers for SIRT6 were purchased from GeneChem (Shanghai, China). The primers for β-actin are as follows: sense, GCACTCTTCC AGCCTTCCTTCC; antisense, CCGCCAGACAGCACTGT GTT. The mRNA level of housekeeping gene β-actin was used as a control.
Immunoblotting. Immunoblotting was performed as previously described (39) . Cells were lysed using Triton X buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton X, pH 7.4) with protease inhibitors and boiled with SDS. Samples were run on 10% SDS-PAGE gel. Gels were transferred onto PVDF membranes and processed for immunoblotting with primary antibodies (SIRT6, 1:800; AIF, 1:1,000; lamin A/C, 1:1,000; p-JAK2, 1:500; t-JAK2, 1:500; p-STAT3, 1:500; t-STAT3, 1:500; tubulin, 1:1,000) and by corresponding HRP-labeled secondary antibodies. For immunoblotting, images were captured and processed with Odyssay (33).
Patients and tissue samples. A total of 4 patients (WHO grade II) enrolled in the present study underwent resection for GBM at the Department of Neurosurgery, Union Hospital, Tongji Medical College, Huazhong University, China. The tumor tissues and adjacent tissues (peritumoral) were rinsed in ice-cold PBS. The connective tissue or vessels were removed. The tissues were stored at -80˚C. All of the tissue samples were re-evaluated according to WHO classifications (40) . None of the patients had received chemotherapy or radiotherapy prior to surgery. The study was approved by the Institutional Review Board of Huazhong University and written informed consent was obtained from the patients or guardians.
Statistical analysis. Data are expressed as mean ± SEM. Evaluation of the differences between groups was performed by two-samples Student's t-test or Mann-Whitney U test (non-normal distribution of values). P<0.05 was considered to indicate a statistically significant difference.
Results
Overexpression of SIRT6 inhibits glioma cell growth. First, the influence of SIRT6 overexpression on GBM cell growth was assessed in vitro. Two human GBM cell lines (U87-MG and T98G) were used in the present study. In the U87-MG cells transfected with Ad-SIRT6, the cell growth was inhibited at 48 and 72 h after seeding (Fig. 1A) . Accordingly, the LDH release into the culture medium of the SIRT6-overexpressing U87-MG cells was increased at 48 and 72 h (Fig. 1B) . The cell viability and LDH release at the 24-h time-point were not significantly different among the cells (Fig. 1A and B) . In the T98G cells, similar phenotypes were observed. Overexpression of SIRT6 inhibited T98G cell growth (Fig. 1C) and increased LDH release (Fig. 1D) at three time-points (24, 48 and 72 h). These results suggest that overexpression of SIRT6 inhibits glioma cell growth and induces cell injury.
Overexpression of SIRT6 promotes apoptosis in glioma cells.
As SIRT6 overexpression was able to inhibit glioma cell growth in the U87-MG and T98G cells, we investigated the molecular mechanisms of the tumor-suppressive effects of SIRT6 in the T98G cells in the following experiments. We performed TUNEL assay to examine the effect of SIRT6 overexpression on the apoptosis of the T98G cells. There were fewer TUNEL-positive cells in the Ad-GFP group than the number in the Ad-SIRT6 group at 4 days after transfection (Fig. 2) .
Overexpression of SIRT6 induces A IF mitochondrial-to-nuclear-translocation in the glioma cells.
Subsequently, we determined the potential effects of SIRT6 overexpression on AIF translocation. We found that the nuclear AIF expression in cells with SIRT6 overexpression was significantly higher than that in the Ad-GFP-transfected cells. Moreover, the mitochondrial AIF level in the cells with SIRT6 overexpression was reduced (Fig. 3A) .
Immunofluorescent staining of AIF clearly demonstrated that AIF entered the nucleus in the cells with SIRT6 overexpression (Fig. 3B) .
Oxidative stress in glioma cells is attenuated by SIRT6
overexpression. It is well-known that an abnormal increase in oxidative stress is an important factor for tumors (41) . We compared the oxidant levels in SIRT6-overexpressing and control tumor cells. The ROS level in cells with SIRT1 overexpression was significantly lower than this level in the control cells (Fig. 4A ). Moreover, the MDA level, an index for lipid peroxidation, was also reduced in the Ad-SIRT6-transfected cells (Fig. 4B) . Accordingly, the CuZu/Mn-SOD activity in cells with SIRT1 overexpression was higher than that in the control cells (Fig. 4C) . The total antioxidant activity in the SIRT6-overexpressed cells was also higher than that in the control cells (Fig. 4D) .
Activation of the JAK2/STAT3 signaling pathway in glioma cells is suppressed by SIRT6 overexpression.
The JAK2/STAT3 signaling pathway is constitutively activated in most primary malignant gliomas and the extent of activation is positively correlated with glioma grade (42) . Thus, we determined the effect of SIRT6 overexpression on the JAK2/STAT3 signaling pathway. First, we confirmed that the JAK2/STAT3 signaling pathway was activated in the T98G cells compared with that in the HEB cells, a normal glial cell line (Fig. 5A and B) . In addition, we found that the phosphorylation of JAK2 in the Ad-SIRT6-transfected cells was significantly reduced compared with that in the Ad-GFP-transfected cells (Fig. 5C and D) . The phosphorylation of STAT3 in the Ad-SIRT6-transfected cells was also decreased compared with that in the Ad-GFP-transfected cells (Fig. 5C and D) . These data indicate that overexpression of SIRT6 suppresses the activation of the JAK2/STAT3 signaling pathway in glioma cells.
SIRT6 is downregulated in human GBM tissues.
Finally, we compared the SIRT6 mRNA and protein expression between peritumoral and tumor tissues in human samples. The SIRT6 mRNA level in the human GBM tissues was significantly (~65%) lower than that in the peritumoral tissues (Fig. 6A) . Accordingly, SIRT6 protein expression in the GBM tissues was also shown to be significantly lower than that in the peritumoral tissues (Fig. 6B) .
Discussion
In the present study, we showed that the growth of two GBM cell lines (U87-MG and T98G cells) was inhibited by SIRT6 overexpression. SIRT6 overexpression induced cell injury (LDH release). Moreover, we showed that SIRT6 overexpression not only led to apoptosis of the T98G cells, but also increased AIF mitochondrial-to-nuclear translocation. SIRT6 overexpression also inhibited the over-activated oxidative stress and JAK2/STAT3 signaling pathway in glioma cells. We also provide evidence that SIRT6 was markedly downregulated in human GBM tissues. These data collectively suggest that SIRT6 represents an anti-oncogene in glioma.
SIRT6 protein is expressed at the highest levels in the muscle, CNS and heart (43) , and the cerebral SIRT6 expression was found to be reduced upon ischemic status (44) . Notably, neural-specific SIRT6-knockout mice show attenuated somatic growth and obesity (45) . In a recent report, Chen et al showed that SIRT6 is downregulated in human glioma tissues and glioma cell lines (46) . They also showed that SIRT6 inhibits PCBP2 expression by deacetylating H3K9 (46) . However, this study did not mention the type and WHO grade of the glioma tissues. In the present study, we assessed SIRT6 expression in human WHO grade II GBM tissues. GBM is the most common adult primary intracranial neoplasm and has a very poor outcome. In line with the results from Chen et al (46) , we observed significant downregulation of SIRT6 in the GBM tissues. In addition, overexpression of SIRT6 suppressed the proliferation and induced cell injury in the cultured U87-MG and T98G cells. Since glioma tissue consistently displays a much higher ROS level (47) , and SIRT6 overexpression reduces oxidant stress in glioma cells, we considered that the downregulation of SIRT6 in GBM tissues may contribute to the development of GBM by resulting in a pronounced increase in oxidative stress in GBM tissues to promote its growth.
SIRT6 suppresses genomic instability via binding chromatin and deacetylating histone (25, 28) . Thus, maintenance of genomic integrity is the major function of SIRT6. Sebastián et al provided initial evidence that SIRT6 may be an anti-oncogene through regulating aerobic glycolysis in tumor cells (29) . Marquardt et al showed that downregulation of SIRT6 and the dysregulated genes by loss of SIRT6 displayed oncogenic effects in hepatocarcinogenesis (30) . These effects of SIRT6 strongly suggest a tumor-suppressing action, accompanied by modulation of histone deacetylation and glycolysis metabolism. We speculated that SIRT6 may also play an important role in cellular apoptosis. Indeed, we found that overexpression of SIRT6 induced pronounced apoptosis in glioma cells. According to our knowledge, the present study is the first to show the pro-apoptotic action of SIRT6 in glioma cells. This result is in agreement with a study conducted by Van Meter et al (48) . They reported that SIRT6 overexpression induces massive apoptosis in cervical carcinoma, fibrosarcoma and breast tumor cell lines (48) . However, SIRT6 overexpression has no effect on normal non-transformed cells (48) . Intriguingly, they also found that the cell death induced by SIRT6 overexpression in cancer cells required the mono-ADP-ribosyltransferase activity of SIRT6 (48) .
We observed that SIRT6 overexpression inhibited oxidative stress, evidenced by the suppressed ROS production and MDA level, and the increased CuZu/Mn-SOD activity and total antioxidant activity in the SIRT6-overexpressing glioma cells. Increased generation of ROS and an altered redox status have long been noted and considered as features of cancer cells (49) . High grade glioma cells commonly display multiple genetic alterations and high oxidative stress, suggesting that the excessive redox state might be an important characteristic of invasive glioma (49) . Moreover, the mutation of isocitrate dehydrogenase 1 (IDH1), a molecular basis of epigenomic changes in gliomas, is associated with excessive ROS production (50) . In the light of these results, we proposed that the pro-apoptotic activity of SIRT6 in glioma cells may be attributed to the inhibitory action of SIRT6 on oxidative stress, at least in part. In addition, we found that SIRT6 overexpression suppressed the activation of the JAK2/STAT3 signaling pathway. The JAK2/STAT3 pathway was demonstrated to be highly activated in human GBM tissues and GBM-derived brain tumor stem cell-formed xenografts (51, 52) . JAK2/STAT3-targeted therapy slowed the progression of GBM and suppressed glioma invasion (51,52). Thus, abnormal JAK2/STAT3 activation is also a feature of GBM. As SIRT6 overexpression significantly inhibited JAK2/STAT3 activation in glioma cells, we believe that the inhibitory effect on the JAK2/STAT3 signaling pathway by SIRT6 may be another molecular mechanism underlying its tumor-suppressive effect.
Collectively, we demonstrated that SIRT6 overexpression inhibited cell growth, induced apoptosis and resulted in AIF mitochondrial-to-nuclear translocation in glioma cell lines. These phenotypes may be achieved by the reduced oxidative stress and JAK2/STAT3 activation under SIRT6 overexpression. Finally, we found that the expression of SIRT6 was lost in human GBM tissues. These results suggest that SIRT6 may be a promising therapeutic target for the treatment of malignant glioma.
